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- 4iS££S££.*  A alnsl«  Intrsvenous  (l.v.)  Injection  of  staphylococcal 
•■rarntoxln  B (sa)  In  rhesus  aonkeys  at  doses  of  0.05  to  1.0  n/bg 
^as  been  shoun  to  cause  hypotension  and  death  within  20  h.  The  exact 
-xansa  of  death  Is  not  well  understood.  Since  others  have  shoun 


-pBlMoary  edeM  during  SEB  enterotoxeala  In  nonkeys.  It  was  our 
fo^se  to  study  pulnonary  functions  and  arterial  blood  gas  tension, 
xs  nell  as  surface  tension,  water  content,  and  electr  . . concentrations 
la  the  lungs  of  anesthetized  nomal  and  SEB-challenged  x„.iaus  nonkeys, 
fhlaonary  functions  did  not  change  during  the  first  5 h after  SEB 
■Inoculation.  However,  during  the  hypotensive  period  from  6 to  U h 
following  SEB  Injection,  respiratory  quotient  Increased,  while 
functional  residual  capacity,  CO^  output,  0^  consumption  and  expired 
COj  concentration  decreased.  By  11.5  h,  total  lung  water  content 
increased,  as  shown  by  slmultaneoiia  accumulations  of  extracellular 
and  water.  Conversely,  the  Intracellular  lung* water  and  Na'*' 
decreased.  Further,  the  surface  tension  of  lung  extracts  Increased, 
■xaggestlng  that  pulmonary  surfactant  contents  %rere  reduced,  and  the 
■Jungs  might  have  collapsed  slightly  in  SEB-lnoculated  monkeys, 
although  acidemia  developed  gri^ually.  severe  hypoxia,  hypercapnia, 
Oacreased  pulmonary  conpllance  and  Increased  airway  resistance  were 
mot  observed  In  these  hypotensive  aamkeys  until  shortly  before  death. 

Aesc  results  provide  evidence  to  support  a hypothesis  that  pulnonary 
Oyafunctlon  and  terminal  pulmonary  edema  contribute  to  death  during 


M«cr«l  Staphylococcal  anterotoain  B (SCB)  Induced 
^ftyalologlc  changes  including  peripheral  capillary  pooling,  [2,  6] 
dehydration,  hypovolenla  [16]  and  decreased  cardiac 
feoctlons  [14]  have  been  conaldered  as  possible  causes  of  death 
faring  SEB  toaeala  In  aonkeys,  the  exact  uechanlsa  for  Induction 
af  irreversible  shock  during  l.v.  SEB  toxeada  is  still  unknown.  These 
changes  are  not  a part  of  the  gastrointestinal  responses  to  the 

e 

.^teral  adnlnlstratlon  of  SEB  to  aonkeys. 

Previous  pathologic  studies  revealed  that  pulaonary  interstitial 
^adesa  Increased  lung  weights  were  associated  with  Intravenous  SEB 
-gmdclty  In  monkeys  [7,  21,  22].  This  Investigation  was  undertaken 
^ study  pulmonary  function,  metabolic  changes,  and  arterial  blood 
jaa  tensions,  as  well  as  lung  water  content,  electrolyte  concentrations 
end  surface  tension  in  anesthetized  SEB-inoculated  monkeys.  As  in 
'pxmvlous  studies  reported  from  this  laboratory  [14-16],  a preparation 
of  SEB  was  employed  that  was  purified  to  greater  than  99Z.  Heasured 
■vmlucs  were  compared  between  normal  and  SEB-cha  1 1 enged  monkeys  under 
identical  experimental  conditions.  Pulmonary  dysfunction  and  terminal 
^mlaonary  edema  were  present  during  SEB  enterotoxemia , suggesting  that 
ihypoxla  may  be  the  major  cause  of  death. 


and  Kethods 


.flMXtliy  anl*  rhnaaa  aonkeya  (Kacaca  aulatta)  weighing  3.3  ->  S.9 
vara  allocated  Into  control  (n  * 9)  and  SEB-lnoculated  groups 
0l  * 6).  The  latter  group  of  aonkeys  had  no  detectable  serua  antibody 
against  SEB  prior  to  their  nse.  Approalaately  20  h before  the 
•^■perlaent,  unilateral  polyethylene  catheters  (PE  190,  ID  - 1.19  ca, 

OD  • 1.70  m)  were  placed  In  the  feaoral  artery  and  vein  under  Ketaalne 

a 

anesthesia.  Monkeys  were  restrained  In  prlaate  chairs  for  recovery 
Aibn  anesthesia.  The  feaoral  catheters  were  also  flushed  with 
heparin  In  saline  (20  unlts/al)  to  aalntain  patency.  Highly 
parlfied  SEB  [20]  at  a single  dose  of  1 ag/kg  was  injected  Into  the 
Janoral  vein  of  experimental  monkeys,  while  controls  received  only 
.daotonlc  saline. 

ALl  aonkeys  were  sedated  with  Ketasdnie  (15  ag/kg.  Intramuscularly) 
mad  placed  in  a supine  position  approximately  3.5  h after  l.v.-SEB 
dejection.  Endotracheal  and  Intraesophageal  incubation  were  completed 
mlthln  30  min.  Various  pulmonary  functions,  metabolic  changes,  and 
hlood  gas  tensions  were  determined  hourly  between  6 and  11  h after 
SD  or  saline  Injection.  Techniques  for  measuring  respiratory  and 
— rslinl  1 1 variables  in  rhesus  monkeys  were  described  previously 
H3).  Within  15  min  after  completion  of  pulmonary  studies,  various 

samples  including  the  lower  lobe  of  the  right  lung  were  excised 
•from  the  anesthetized  dying  monkey.  Tissue  sasqiles  were  collected 
previously  described  [17,  18].  Lung  samples  tiere  immediately 
hlotted  with  absorbent  paper  to  remove  surface  blood  and  prepared 
•fm  determinations  of  surface  tension,  water  content,  total  lipids. 
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;^hasphollpld«  and  electrolytes  including  Ha*^,  [24] , Cl  [4]  and 

^koaphate  phosphorus  [8].. 

taag  tissue  was  hoisogenlsed  In  distilled  water  (1:10,  w/v),  and 
surface  tension  of  the  supernatant  measured  with  a tensiometer  (Model 
Fisher  Scientific  Co.,  Pittsburgh,  Pa.).  Water  content  was 
4atamlned  by  drying  approximately  0.2  g of  lung  tissue  to  a constant 


weight  In  an  oven  at  110*C.  The  Cl  content  In  the  dry  minced  specimen 
was  extracted  for  20-24  h In* 5 ml  of  distilled  water,  while  Na***,  K^, 
aa^  phosphate  phosphorus  were  extracted  from  the  homogenized  wet  lung 
tlasue  with  5 ml  of  lOZ  trichloroacetic  acid  [17].  Distributions  of 
intracellular  and  extracellular  water  and  electrolytes  In  the  lung 
ware  calculated  according  to  the  method  of  BENSON  et  al.  [3]. 

phosphate  extract  was  determined  as  TAS  (total  acid  soluble) 
and  IAS  (Inorganic  acid  soluble)  fractions.  The .former  was  prepared 
walng  concentrated  digestion  at  310*C  and  the  latter  proceeded 

without  acid  digestion  [18].  OAS  (organic  acid  soluble)  phosphate  was 
calculated  from  the  difference  between  TAS  and  IAS. 

Fatal  lipids  In  the  lung  %rere  extracted  wlth'a  chloroform-methanol 

adxture  (2:1  V/V)  for  20-24  h at  room  temperature  [9].  The  lung  tissue 

was  ainced  and  a minimum  of  a 20:1  ratio  of  solvent  to  sample  was  used. 

lha  weight  of  total  lipids  in  the  lung  was  measured  gravimetrically 

« • 

after  complete  evaporation  of  the  solvent  from  the  purified  extract 
in  a vacuum  oven.  Phosphorus  content  of  phospholipid  was  determined 
ky  the  method  of  BARTLETT  [1].  The  phospholipid  concentration  was 
aktalned  by  multiplying  the  phosphorus  value  by  a factor  of  2S,  which 
la  the  estimated  molecular  weight  ratio  of  phosphorus  In  phospholipid. 


• .. 
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Wmlum»  obtained  froa  the  experlnencs  were  coapared  ualng  on 
.aaalyale  of  variance  with  repeated  aeasureaents.  The  valuaa  at  6 h 

a» 

-aara  used  as  the  baselines  for  each  aonkey  to  test  for  significant 
akaages  over  tlae.  Further,  differences  froa  baselines  for  the  control 
aad  SEB  groups  were  also  coapared  by  an  Independent  t-test.  The  Null 
hypothesis  was  rejected  at  the  5Z  level.  „ 

Certain  data  were  plotted  as  net  changes  froa  the  6-h  values, 

a 

•srillch  were  not  significantly  different  between  control  and  SEB  groups. 
Boliavar,  true  data  for  0^  consumption  and  respiratory  quotient  (RQ) 
aara  plotted  as  a function  of  time  because  these  values  between  control 
.aad  SEB-lnoculated  monkeys  were  significantly  different  at  6 h by 
unpaired  analyses. 
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Pulaonary  Functions  and  Blood  Gases 

Effects  of  l.v.  SEB  on  tidal  volume,  pulmonary  ventlaltlon,  and 
pulmonary  mechanics  in  anesthetized  rhesus  monkeys  breathing  room  air 
for  11  h are  summarized  In  table  1.  No  significant  changes  were  found. 
However,  airway  resistance,  functional  residual  capacity  (FRC)  and 
expired  CO2  concentration  decreased  and  respiratory  rate  Increased 
significantly  as  compared  to  control  monkeys  8-10  h after  l.v,  SEB 
Injection  (fig.  1,  2).  further,  one  monkey  that  died  earlier  (at 
7.5  h)  shoved  Increased  respiratory  rate,  dynamic  pulmonary 
resistance  and  PaCO^  while  its  tidal  volume,  dynamic  pulmonary 
compliance,  Intraesophageal  pressure,  expired  air  flow,  and  arterial 
blood  pH  and  PO^  decreased  markedly  from  control  values  approximately 
one  half  hour  before  death  (table  2). 

As  compared  to  controls,  rhesus  monkeys  showed  significantly 
decreased  O2  consumption  and  Increased  RQ  values  at  6 h post-SEB 
Inoculation  (fig,  3).  However,  data  on  O2  consumption  and  RQ  remained 
unchanged  as  a function  of  time  for  11  h after  SEB  Inoculation. 
Although  CO2  output  and  expired  CO2  concentration  were  significantly 
decreased  9-11  h after  SEB  as  compared  with  the  control  group  of 
monkeys  (fig.  4),  arterial  blood  pH,  PO2,  Pqq  HCO^  , total  CO2, 
and  base  excess  showed  little  or  no  changes  during  the  entire  11  h 

< 

experimental  period  (table  3). 


l,ung  Surface  Tension  and  Biochemical  Changes 
Although  plasma  water  content  and  electrolytes  concentrations 
e not  altered  after  l.v.  Inoculation  of  SEB  In  anesthetized  rhesus 


I 


— f i[iifn  (tmbla  4),  surfaca  tension,  OKS  phosphorus,  total  water 
MBtant,  extracellular  Na*^  (nEq/kg  fat-Cree  wet  tissue)  and  total  Cl 
,.4ilq/fatty-£ree  dry  tissue)  of  the  lung  Increased  significantly  as 
«o^pared  with  lungs  from  control  nonkeys  (tables  4 and  5).  There 
±m  also  an  apparent  shift  of  Intracellular  lung  water  and  Na^  to  the 
extracellular  space  In  SEB-challenged  monkeys  (table  4).  No 
eicnlflcant  changes  were  observed  In  distribution,  total  lipids, 
'phospholipids,  ar  phorus  Including  IAS,  and  IAS  of  lungs  11-12  h 

after  a lethal  of  SEB  (tables  4 and  5). 
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•«»***  few  chances  in  pulaonary  functions  occurred  within  S h 
«fC«r  l.v.  SEB  Injection  In  anesthetized  rhesus  sonkeys,  the  present 
«Cady  encooq>assed  the  period  6 to  11  h after  SEB.  During  this  tine, 
cardiovascular  and  hepatic  functions  are  severely  depressed  [14]  and 
Wrfy  fluid  volumes  are  significantly  decreased  [16] . Since  SEB- 
..challenged  nonkeys  nay  survive  for  a few  nore  hours  beyond  the  11-h 
caperlaental  period,  the  present  data  only  reflect  changes  at 
apfrozlnately  the  mid-point  of  SEB  toxemia.  According  to  our  limited 
cbaervatlons,  a SEB-challenged  monkey  showed  some  important  terminal 
dwnges  including  acidosis,  hypoxia,  hypercapnia,  decreased  d3rnamlc 
pulmnnsr;y  compliance,  and  increased  airway  resistance.  The  reason 
for  presenting  data  from  only  one  monkey  was  that  all  SEB-lnoculated 
aonkeys  survived  during  the  11 -h  experimental  period  and  this  was  the 
only  monkey  that  died  7.5  h after  l.v.  SEB  injection. 

During  the  period  of  mld-toxemla  of  SEB,  decreased  FRC  values  were 
obtained . The  possible  cause  for  decreased  FRC  values  without  a 

I 

olmnltaneous  increase  in  tidal  volume  may  be  due  to  an  accumulation 
of  fluid  In  the  lung  or  partial  collapse  of  the  lung.  The  former 
aasuaqttlon  is  supported  by  the  Increased  lung  water  content,  and 
the  latter  is  evidenced  by  the  Increase  surface  tension  of  the  lung 
-oxtract  at  11-12  h.  Since  lung  surfactant  Is  responsible  for  preventing 
Xnng  collapse  through  the  mechanism  of  decreased  pulmonary  surface 
tension  [10,  23]  an  Increase  In  lung  surface  tension  may  also  indicate 
that  lung  surfactant  concentrations  were  decreased  in  SEB-challenged 
^■onkeys. 


Matabolically,  both  total-body  O2  consumption  and  CO^  output 
decreased,  while  RQ  values  Increased  to  > 1.0.  These  findings  Indicate 
that  (1)  cellular  metabolism  was  depressed,  although  fever  might  be 
present  [2,  S,  22],  (2)  anaerobic  oxidation  was  Involved,  (3) 
carbohydrate  (glucose)  was  the  main  fuel  for  energy  release  and 
utilization,  and  (4)  a steady-state  was  not  achieved. 

Various  forms  of  phosphorus  in  the  lung.  Including  phospholipid, 

e 

IAS,  and  OAS  were  measured  in  control  and  SEB-inoculated  macaques. 

Aiwng  the  three  categories  of  phosphorus,  only  OAS  showed  significant 
Increases  after  SEB.  Since  OAS  is  a mixture  of  creatine  phosphate, 

ATP,  ADP,  and  AMP,  it  is  unknown  which  substance(s)  is  affected. 
Further,  the  significance  of  an  Increased  OAS  in  the  lung  during  SEB 
toxemia  remains  unknown. 

The  SEB- Induced  pulmonary  edema,  as  characterized  by  Increase 
in  lung  weights  and  pathological  changes  of  pulmonary  capillary 
endothelial  cells,  has  been  shown  by  others  [7,  21,  22].  Results 
from  the  present  study  confirm  the  presence  of  terminal  pulmonary 
edema  In  monkeys  following  a lethal  l.v.  dose  of  SEB.  This  is 
based  on  the  finding  that  extracellular  water  and  Na^  in  lung  tissue 
mere  Increased  at  11  h.  When  lungs  are  filled  with  water  to  a critical 
level,  pulmonary  exchanges  for  0^  and  CO^  are  impaired  and  oxygenation 
of  vital  organs  is  decreased,  leading  to  death  within  20  h.  Such  rapid 
death  minimizes  the  likelihood  that  renal,  hepatic,  or  gastrointestinal 
changes  are  directly  Involved  In  the  lethal  effect  of  l.v.  SEB. 

Results  from  our  preliminary  studies  reveal  that  continuous 
positive  pressure  breathing  (CPPB) , maintained  at  3-4  cm  H2O  for 
2 days,  may  prevent  death  In  SEB-challenged  macaques  [15]  and  In  Dutch 


■iMilft  (unpublished  observations).  These  findings  Indicate  that  CPPB 
dM  affective  In  preventing  SEB-lnduced  pulnonary  edena,  despite  further 
decreases  In  cardiac  output  and  blood  pressure  [11.  12].  Because 
<tt»chal lenged  anlnals  continue  to  survive  after  2 days  c-*  treataent 
Silth  CPPB,  It  Is  suggested  that  pulmonary  capillary  membranes  are  not 
critically  damaged,  or  that  capillary  daiuge  Is  reversible  within  a 

I 

calatlvely  short  time. 

Based  upon  the  evidence  for  functional  and  biochemical  changes 
li^  the  lung  during  SEB  toxemia.  It  Is  concluded  that  respirator/ 
-dysfunction,  pulmonary  edema,  and  Its  associated  hypoxia  are  major 
«entrlbutlng  factors  leading  to  death  of  rhesus  monkeys  after  l.v. 
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II.  Changes  In  pulaonary  functions  and  arterial  blood  pH,  POj  and 
IOO2  during  terminal  SEB  enterotoxemla  (O.S  h before  death) 


. . 

Values 

• . 

tesan  ± SEM) 

Variable 

Control 

SEB 

s 

(n  - 9> 

(n  - 1) 

volume  (ml) 

• 

38  + 15 

19 

Inspiratory  rate  (cycle/mln) 

33  + 5 

57 

• 

Opnamlc  pulmonary  compliance  (ml/cm  H2O) 

8.3  + 4.3 

1.8 

Oyaamlc  pulmonary  resistance  (cm  H20/L/sec) 

31  + 7 

168 

Jatraesophageal  pressure 

(cm  H2O) 

-6.3  + 0.7 

-15.7 

Atplred  airflow  (ml/sec) 

62  + 2 

47 

pH 

7.375  + 0.008 

7.318 

Arterial  Blood 

K>2  (a.  Hg) 

88.6  + 4.9 

33.3 

TCOj  (mm  Hg) 

29.0  + 2.7 

38.8 
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Table  V - Changes  In  surface  tension,  total  acid-soluble  phosphorus 
(TAS),  inorganic  acid-soluble  phosphorus  (IAS),  organic 
«cld-soluble  phosphorus  (OAS),  total  lipids,  and  phospholipids 
la  the  lungs  of  control  and  SEB-inoculated  monkeys 


Variable 

Values 

(mean  + SEM) 

Control  (n  ■ 4) 

SEB  (n  - 6) 

Surface  tension^ 

42.70  + 0.95 

52.07  + 2.02^ 

(dyne/ cm) 

TAS 

(sM/kg  FFWT^) 

102.9  + 10.4 

132.2  + 11.2 

IAS 

50.3  + 9.9 

40.7  + 4.0 

(iM/kg  FTVT^) 

OAS 

(^kg  FFvrr) 

52.6  + 7.4 

93.6  + 12.6^ 

Total  lipids 

21.36  + 3.76 

4 

15.27  + 1.73 

(t/kg) 

Thosphollpids 

1.80  +0.27 

1.48  + 0.11 

(t/100  g) 

^Control,  n ~ 3,  SEB,  n - 
By  independent  t-test,  P 

7. 

< 0.05. 

* 1 

^Fat-free  wet  tissue. 
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